Results from emission spectroscopy measurements on an Ar/SiH4 plasma jet which is used for fast deposition of amorphous hydrogenated silicon are presented. The jet is produced by allowing a thermal cascaded arc plasma in argon (I = 60 A, V = 80 V, Ar flow = 60 see/s and pressure 4 X lo4 Pa) to expand to a low pressure ( 100 Pa) background. In the resulting plasma SiH4 is injected in front of the stationary shock front. Assuming a partial local thermal equilibrium situation for higher excited atomic levels, emission spectroscopy methods yield electron densities ( -lOi* m-3), electron temperatures ( -5000 K) as well as concentrations of H+, Si+, and Art particles. The emission spectrum of the SiH radical, the A 'A-X 211 electronic transition, is observed. Numerical simulations of this spectrum are performed, resulting ,in upper limits for the rotational and vibrational temperatures of 4000 and 5600 K, respectively. The results can be understood assuming that, in the expansion, charge exchange and dissociative recombination are dominant processes in the formation of species in excited states, notably Si + . 4156 
I. INTRODUCTION
The deposition of thin films of hydrogenated amorphous silicon (a-Si:H) is one of the steps in the production of devices such as solar cells and large liquid crystal displays. Common deposition techniques are chemical vapor deposition (CVD) plasma enhanced CVD (PECVD), photon enhanced, CVD, and sputtering. ' The PECVD technique is used in nearly all technological applications where a high quality semiconductor material is desired, whereas the other techniques are applied in more exploratory research. The deposition rate is usually low ( < 0.1 nm/s), due to the fact that the transport of particles responsible for deposition is mainly ditfusion determined.
The new method described here uses a directed particle beam to overcome this problem: a plasma jet is created by allowing a thermal cascaded arc plasma in argon to expand into a low-pressure background. Silane is injected in the jet, where it is dissociated. The dissociated particles are transported towards a substrate support where deposition takes place. The substrate support can be heated. Optimization of the three deposition phases (dissociation, transport, deposition) can be performed independently, due to their spatial separation. Deposition of a-C:H, graphite, and diamond using a similar machine has proven to be successful in obtaining high quality material at high growth rates (up to 0.1 pm/s for a-C:H and graphite).2d Using the silane apparatus, a-Si:H films have been produced with a refractive index similar to normal a-Si:H, while transmission interferometry shows no other than SiH vibrations.5 In order to characterize the plasma jet and to investigate the dissociation chemistry, emission and absorption spectroscopy are valuable diagnostics. In this paper results ' bstitute of Physics, BSSR Academy of Sciences Minsk, 220602, USSR. of emission spectroscopy measurements on the plasma jet are presented and discussed. II. EXPERIMENT In Fig. 1 the deposition apparatus is depicted schematically. The vacuum chamber is a cylindrical vessel ( 1.15 m length and 0.5 m diameter) with a substrate support at one end. The substrate support extends 0.5 m into the vacuum vessel. The system is pumped by two roots blowers and a rotary pump (maximum pumping speed 2600 m3/h). A large turbomolecular pump is used to attain high basic vacuum conditions . At the other end of the cylindrical vessel, a wall stabilized cascaded arc is mounted. In this arc, a thermal argon plasma is produced with a temperature of about lo4 K at subatmospheric pressures (4 X lo4 Pa).6 The arc consists of three cathodes and an anode separated by a stack of electrically isolated copper plates. The arc channel has a diameter of 4 mm. The argon carrier plasma is allowed to expand supersonically into the vacuum vessel through a conically shaped nozzle. After several centimeters a stationary shock front occurs, where the velocity of the plasma is reduced to a subsonic level. The subsonic beam reaches the substrate with a velocity of approximately 600 ms -', and a temperature of about 2000 K.6 Just after the nozzle, an argon/ silane ( 1O:l) mixture is injected in the beam. The silane is dissociated and partially ionized. The standard arc settings during the measurements are: I,, = 60 A, V,,, = 80 V, Ar flow = 60 see/s, SiH4 flow = 0.5 SW/S, background pressure = 100 Pa. One measurement is carried out using different arc conditions: IWc = 30 A, V,, = 65 V. More detailed information concerning the silicon deposition apparatus can be found in Meeusen et al. ' A spectroscopic setup for side-on observations of the plasma jet in the wavelength range of 350-700 nm was constructed, as sketched in Fig. 2. An optical system images the plasma 1:l on the entrance slit of the monochromator. A parallel beam is created between the lenses L1 and Lz, both with a focal length of 500 mm. Four aluminum coated mirrors, three of which are sketched in Fig. 2 , are arranged in a way that a positioning system (which holds lens Li and mirrors M1,M2) can be moved in the vertical plane without disturbing the light ray path. The surface of the first lens Li and the size of the pinhole (radius 0.5 mm) determine the size of the detection volume: the part of the plasma from where radiation can pass FIG. 2. The emission spectroscopy experiment. Only three of the four mirrors (M&f,) in the equidistant beam part have been sketched. The plasma is focused 1:l on the entrance slit of the monochromator (MON). The photomultiplier (PM) output is monitored using a strip chart recorder (SCR) or a personal computer (PC). More details can be found in the main text. through the optical system to reach the monochromator. A final biconvex glass lens L., images the pinhole on the monochromator entrance slit. L3 has a radius of 22 mm and a focal length of 100 mm. Due to the vessel window size, lateral scans are limited to a region of about 100 mm.
A Czerny-Turner HR 640 monochromator (Jobin-Yvon) with a focal length of 640 mm and variable slits ( 10 pm-3 mm) is used. Apparatus profiles have been measured using a low pressure Hg lamp in front of the pinhole; the dispersion of the monochromator is about 1.2 nm/mm. A photomultiplier with a borosilicate window (EM1 9698B; sensitive wavelength region about 300-800 nm) is mounted on the monochromator exit slit. The data acquisition system consists of a Keithley 409 picoammeter ("PA" in Fig. 2) with its 3 V outlet connected to a Hewlett-Packard HP7lOlB strip chart recorder (SCR) and an RC damping network with an integration time of about 25 ms, averaging the noise from the photomultiplier output to make the signal fit for sampling by a personal computer (PC). The A/D converter sampling the picoammeter output is controlled by the same computer software that drives the stepping motor of the monochromator grating. The system was calibrated for absolute measurements, using a tungsten ribbon lamp in the vessel.
Ill. RESULTS
The emission spectra were used to study excited state densities for various plasma components (i.e., silicon, hydrogen, argon atoms and ions, and the SiH radical), to determine important plasma parameters. The side-on spectroscopic measurements reveal that, in the 350-700 nm region, the plasma radiation is mainly due to spectral lines of Si I. In the near UV (385.6, 386.3 nm) and near IR (634.7, 637.1 nm) regions Si II lines are observed. Furthermore, some argon lines are present, along with the hydrogen Balmer series, up to levels with n = 9,lO. The molecular spectrum of SiH in the region 405-430 nm [the A 2A-X 211 electronic transition, including the (0,O) and ( 1,l) vibrational bands] is not very intense in comparison to the strong emission of this radical observed using certain glow discharges.8p9 Some faint lines could not be identified, but are probably caused by impurities. The continuum part of the spectrum is weak.
A study of the spectra for different working conditions shows that they do not depend strongly on the silane input conditions, as long as the total SiH4 flow remains constant. Input conditions could vary due to gradual obstruction of the silane injection ring by deposition on the ring. Some (rather small) spectral intensity changes were noticed due to vessel pressure variations up to 15% from one experimental run to another. Drastic changes in the spectrum were observed, however, when the working cascaded arc current was lowered to 30 A. In this case, only the strongest lines of the hydrogen Balmer series, some Si I lines (4s-3p transitions), the strong 696.5 nm Ar I line and the SiH molecular spectrum remain.
It is appropriate to point here to an important difference in radiation characteristics between rf plasmas and expanding cascaded arc plasmas. In the rf case the plasma is ionizing, i.e., the electron temperature is in the several eV range, and, hence, electron excitation and ionization of atomic and molecular species dominates. The present method uses a recombining plasma beam. From experiments in pure argon, argon-CH+ and argon-H2 in similar setups, it is known that the electron temperature is relatively low (around 0.3 eV) whereas the heavy particle temperature is relatively high (also around 0.3 eV), compared to glow discharge conditions. This has considerable consequences for atomic spectroscopy: in the present situation, electron excitation and ionization can totally be ignored in view of an extremely small Boltzmann exponent. The density of excited levels arises from higher lying states, either by dielectronic recombination (high lying levels in all systems) or by charge exchange and dissociative recombination (specific levels). As a consequence, high lying levels are in Saha equilibrium with their respective continuum and, hence, level population density measurements can be used to obtain information about plasma parameters. The analysis of the side-on measurements on spatial distribution shows no noticeable gradients along the jet axis for distances of 120-190 mm from the nozzle. The lateral profile measurements showed rather smooth, Gaussian-like intensity distributions. The lateral measurements were Abel inverted in order to obtain the plasma emissivity as a function of the radial position. The measurements discussed here were performed at a distance of 155 mm from the nozzle. Relative intensity measurements using lines of silicon, argon, and hydrogen for different upper levels show that the plasma is recombining. Lower excited levels are strongly depopulated by radiation processes, whereas the uppermost levels are in Saha equilibrium with the adjacent ion ground state." The extent of this Saha region was estimated to be about 0.5 eV from the continuum for an electron density (n,) of 10" m -3 and an electron temperature (T,) of 5000 K." Electron collisions probably are the dominant process in excited-state destruction and creation in this Saha region, making it possible to use these levels to determine plasma parameters using absolute measurements. The lines selected for absolute intensity measurements are presented in Table I The absolute calibration of the experiment was performed with an accuracy of about 10%. Hence, the uncertainties in the transition probabilities for silicon (up to 50%) determine the accuracy of the calculations of the level number densities per statistical weight (n/g). Using averaged data for several lines originating from the same upper levels (e.g., 5p, 6p levels for Si I) probably eliminates part of the uncertainties introduced by inaccurate transition probabilities and possible plasma variations.
Due to rather small plasma jet radial gradients, only 15 lateral points were taken. Emission spectra were registrated for wavelength regions of interest at each lateral position. From these spectral data the radial profiles were calculated using an Abel inversion method utilizing filtered back projection.'* The limited lateral observation range made it difficult to observe the full lateral profiles of certain strong lines (e.g., Ar 696.5 nm, Ha, W). Therefore, some of these profiles were extrapolated to the region outside the observation volume. This has to be taken into account when estimating the accuracy of the method. Emission variations in the order of lo%-20% occurred due to reproduceability problems, turbulence, and Poisson noise.
Some results for (n/g) calculations are given in Fig. 3 for excited states of Si, H, and Ar atoms, as well as Si ions-all at the center of the plasma jet. A simplified scheme of the energy level structure for different species is presented in the same figure. Only averaged data for 5p, 6p levels for Si I are given: the error bars indicate the data scattering due to errors mentioned before. The population number densities for 6d, 7p levels of Si I were evaluated using single lines (672.2 and 655.6 nm, respectively) in a spectral region where the system is not very sensitive, making these data less reliable. Furthermore, lines originating from the 4s level of Si I were not used because this level is too far from the continuum to be in Saha equilibrium.'O*'l if we use the 4s, 5p, and 6p levels for temperature determi- nation (using a Boltzmann plot), a temperature of about 7OC&8000 K is obtained. This value is too high for an expanding plasma at a distance of 155 mm from the nozzle.13 If the temperature is determined using only the 5p, 6p levels, a value of T-4500 K is obtained. The same situation was found at radial positions up to 40 mm from the center of the jet. This last value was chosen as a first approximation for the electron temperature. Relative ion concentrations of different plasma species can be evaluated starting from Saha-Boltzmann equations for different species:" ns+ne -= CU, + Tz'* exp [ -(Ei -E,) JkT,] ,
where the subscript s is used to indicate one of the species Ar, Si, or H. The superscript " + " denotes ionized species.
The constant C = (271-mJc/h2)3'2; ZJ," is the ion partition function. The other symbols are: k-Boltzmann's constant, T,-the electron temperature, Et-the ionization potential of the species concerned, and E,-the excitation energy from the atom ground state of the level designated q. The lowering of the ionization potential due to the influence of the plasma is negligible.' t If we write Eq.
( 1) for different species, ion concentration ratios for different species can be calculated by dividing the respective Saha equations, e.g.:
(Ei-E,)A,-(Ei-Eq)Si kTe (2) An equation analogous to Eq.
(2) can be written for the ratio of ion concentrations of Si + and H + . Note that the temperature dependence of the ratio in Eq.
(2) can be made very small by using energy levels close to the continuum, such that the difference [( Ei -E,)Ar -(Ei -Eq)si] is small compared to kT,. In our case this energy difference was about 0.1 eV, resulting in a very weak temperature dependence. This is the reason why, in Eq.
(2), the rough temperature estimate from the Boltzmann plots could be used without introducing appreciable errors.
Using the plasma quasineutrality condition, we can express the electron density as follows:
defining the symbol K. By doing so, we suppose that all electrons originate from atomic ionization processes, i.e., that the abundancies of molecular ions, negative ions, and doubly ionized species are small. We note, that this does not mean that these ions cannot be important as an intermediate in kinetic processes. If we use Eq.
(3)) we can evaluate the electron temperature more accurately using (n/g) values for Si atoms and ions. We write the Saha-Boltzmann equation for silicon as follows:
. . 
In Bq. (4), we suppose that, in the ion system, there is a Boltzmann-like equilibrium. Due to the strong influence of the electron temperature in Eq. (4) (the energy sum in the exponent is large), the temperature determination can be quite exact, even though there may be considerable uncertainties in K and (n/g). The validity of (4) is determined also by the presence of Saha equilibrium for the levels concerned.
The temperatures evaluated in this way can be used to determine ion and electron concentrations, using Bqs. ( 1) and (3) (5) Note that n, can actually be evaluated using only Bq. ( 1 ), with (n/g)si + g instead of nsi +/Usi + , but that approach would have several disadvantages. First, the temperature would have a large influence (large energy difference (E,, + Ei -E4) in the exponent). Furthermore, the assump- tion of a Boltzmann equilibrium for the ion state would have to be satisfied. The value of nsi + , as determined using Eq. (4), is less dependent from the electron temperature (small energy difference in exponent), but depends on the calculation of the factor K.
The following lines were used for the (n/g) determination to apply the above theory: The electron temperature, determined in this way, proved to be about 5000 K and equal for all radial positions up to 40 mm from the center of the plasma, within 100 K. The charged particle concentration distributions are presented in Fig. 4 . The ion concentration ratios appeared to be constant over the studied volume of the plasma: nH + /nSi t U 10 -2; nAr + /nSj + N 2.
It is possible to obtain information about the heavy particle temperature by investigating the line profiles of hydrogen lines. As the electron concentration ( Fig. 4) in our case is below lOI m -3, we may expect the Doppler broadening to be dominant. The registrated line profiles of Ha, w, and Hy show no dependence on distance from the jet axis. This shows that the electron density does not influence the line profile and that, hence, Stark broadening may be neglected in our case. This is also indicated by the fact that line profile half-widths are about the same for the hydrogen lines mentioned, whereas, in the case of Stark broadening, the effect should increase from Ha to Hy.16
The monochromator apparatus profile, registrated using a low-pressure Hg lamp, appeared to have a full width at half maximum (FWHM) of 0.038 nm, for 20 pm slits. The Ha line profile turned out to have a PWHM of about 0.06 nm. Unfortunately, both the apparatus profile and the line profiles were asymmetric and could not be approximated by either Lorentzian or Gaussian forms. Nevertheless, the Ha FWHM value can be used to obtain a rough estimate for the hydrogen heavy particle temperature, which appeared to be about 4000-5000 K.
B. SiH radical emission spectrum simulations and measurements
The simulation of a molecular spectrum that cannot be fully resolved has proven to be a powerful technique to obtain values for parameters such as vibrational and rotational temperatures ( Tvib, T,,,) . This technique has been explored for SiH by Perrin and Delafosse;* the very analogous case of CH is treated by Koulidiati et al." The full procedure to simulate the spectrum is described in literature's-22 and only a brief review will be given here. The steps to simulate the spectrum are the following:
( 1) The calculation of energy level positions of electronic, rotational, and vibrational levels for the A 2A and the X 211 state for 5~29.5, using formulas as given by Klynning, Lindgren, and Sassenberg.22 (2) Calculation of the transition wavelengths in uucuo using the appropriate selection rules; correction to wavelengths in air (a correction in the order of 0.1 nm).
(3) Calculation of line strengths using the Franck-Condon factors,'* Hiinl-London factors," and the exponential (Boltzmann-like) laws governing the vibrational and rotational population in the equilibrium case, using T,,, and TV, as parameters.
(4) Convolution of the theoretical spectrum with an apparatus profile, of triangular or Gaussian form, with adjustable FWHM value.
The simulations thus have a set of three free parameters: FWHM, Trot, and Tyib The resulting simulations are identical to those obtained by Perrin and Delafosse* if the same set of parameters is used.
The measured spectra were recorded using 200 or 100 pm monochromator slits (FWHM -0.24 and 0.12 nm, respectively). Because of low intensities, smaller slits could not be used, whereas larger slits would have resulted in a very poor resolution. Figure 5 shows the registrated SiH spectrum and its simulation. The latter is performed using the appropriate FWHM value (0.12 nm) and T,,, = 4000 K, and Tvib = 5600 K. A comparison of the measured and simulated spectra shows the problems associated with the measured SiH spectra in our case. To begin with, SiH emission intensities (e.g., compared with H Balmer lines) are small in our case. In glow discharges,8'9 the SiH spectrum is the main feature in the spectrum, facilitating comparison with simulations. This, again, may be caused by the low electron temperature and the absence of electron excitation in the present case. Furthermore, with the arc burning on argon some persistent argon lines (present at 415.9, 416.4, 418.2, 419 .1, and around 420.0 nm), together with the HG-Si I combination at 410.V410.2 nm are present in the SiH region. Especially the argon lines near 420.0 nm and the (very strong) combination around 410.1 nm make comparison difficult, as they coincide with prominent features [the (0,O) R branches heads around 410.0 nm and the (1,l) Q2 branch head at 419.8 nm] of the SiH spectrum.
Some bandlike features not present in the simulations are observed around 411.7 and 420.4 nm, the 411.7 system being fairly strong. These might be attributed to impurities: the presence of the SiN molecule, for example, might explain the bands23 and also the blurred appearance of the system around 417.2 nm, which shows two distinct peaks in the simulations. One general reason for differences between simulations and measurements may be found in the absence of a Boltzmann-like distribution over the rotational and vibrational energy levels in the first excited state of the molecular system. If this is the case, it also indicates a major difference between the plasma described here and 4161 J. Appl. Phys., Vol. 71, No. 9, 1 May 1992
Meeusen et al. 4161 a glow discharge plasma. In the latter case, a very good fit could be obtained using a simulation program similar to the one discussed here, i.e., assuming a Boltzmann population distribution over rotational and vibrational energy levels.* The above discussion is a summary of the problems associated with the comparison of calculations with the measurements, and thus with the determination of Tvib and Trot, as these temperatures are determined using relative peak heights within one simulation or measurement.8P'7*18*24 To estimate the vibrational temperature, we used the relative heights of the (0,O) and ( I,1 ) Q2 branch heads (at 414.2 and 419.8 nm, respectively), comparing measurements and simulations with the same spectral resolution. For the rotational temperature we compared peak heights of the (0,O) and (1,l) Q2 branch heads and the (1,l) R branch heads around 417.2 nm (however blurred). As the disturbing Ar lines increase the peak heights of all the peaks mentioned but the (0,O) Q2 band head, the values for T,, and Tvib (4000, 5600 K, respectively) as used in the simulation in Fig. 5 (the best fit) should be regarded as upper limits for their true values. This is a consequence of the specific dependence of band head strengths on T,,, and Tvib.24
IV. DISCUSSION
The results, obtained using the spectroscopic techniques described above, can be summarized as follows. The expanding SiH4-Ar plasma jet can be characterized as having an electron temperature of about 5000 K and an electron density of about 2 x 1018 m -3 at the plasma jet center, decreasing to about 8 X 10" m -3 at a distance of 40 mm from the plasma jet axis. The ion concentration ratios appear to be constant over the plasma volume studied: nu + /nsi + 'L 10 -2; nAr + /?Zsi + e 2. Upper limits for the rotational and vibrational temperatures of the SiH radical are found to be 4000 and 5600 K, respectively.
From other experiments13 in pure argon it has been verified that the electron density decrease with axial position is mainly due to the expansion process (the plasma beam widens). From these measurements it has become clear, that the total ion fluence (i.e., integrated over the beam cross section) does not depend on the axial position. This is to be expected, as dielectronic and radiative recombination can be ignored in first approximation. '3 In argonhydrogen mixtures the situation is changed drastically: the total ion fluence decreases steeply with axial position. In view of the insignificance of atomic recombination, it has been concluded that the recombination is via a molecular channeL2'
In the present experiment, the emission from higher excited species (especially the Si + emission) cannot be explained in terms of excitation by electron collisions, as in our case the silane is injected in the expansion where n, and T, values are rather low. Because the rate constants for ionization and dissociation become very small for low T, values27 (around 5000 K in the expansion), we can neglect the effect of electron collisions in the dissociation and ionization processes.
The effect, then, of the presence of metastable (4s) argon atoms has to be considered, as they may cause dissociation by Penning-like ionization of SiH4 molecules. The argon (4s) levels originate from dielectronic recombination of argon ions coming out of the arc. The amount of metastables can be estimated in our case, as a numerical/ analytical collisional radiative model for argon by Benoy et aZ26 turns out to describe the level population density distribution accurately for the pure argon case. From this model, we can derive the total (4s) state density, as well as, for example, the 4p '[l;] state density, for given electron density, neutral particle density, and electron temperature. The 4p'B state population can be measured by investigating the 696.5 nm radiation of a pure argon plasma. We have done this, and found n(4p 'w) pi 5 X lOI m -3. Using the model, the total (4s) metastable concentration can, then, be estimated to be about 10" m -3. Now, if we consider the case with silane injected in the jet, the argon 4p'w level density drops drastically to about 5 x lo9 m -3. We suppose the metastable density to be a factor lo4 higher than this value, as indicated by the pure argon case. The metastable density, then, would be in the order of 10'3-1014 m-3, for our argon/silane plasma jet. Therefore, a major contribution to ionization by Penninglike processes is not very likely, as the concentration of metastables is much less than the ion concentration.
These arguments indicate that we will have to find other processes to account for the observed ion concentration ratios (+i + : negligible, nsi + :n,&r + -1:2). We may explain the results by considering the following charge exchange/dissociative recombination reactions: In the sequence 6(a)-6(e) one or more steps may be skipped (dissociative charge exchange), as indicated by the dashed arrows. This is most certainly the case for the first reaction, as indicated by rate coefficients by Haaland2* and Bowers and Elleman.29 Each charge exchange process is followed by a dissociative recombination process, in which the formed molecule dissociates. It is likely, that the main source of radiation is dissociative recombination, ending in excited levels.
Cross sections for the charge exchange reactions with Ar + are usually very large, and these processes are expected to be faster (rate coefficients typically a few 10 -" m3/s if there is a good energy match between the exchanging levels) than electron processes in the expansion. Penning-like ionization processes are also neglected, because the ion concentration is a factor 104-lo5 higher than the metastable concentration. The dissociative recombination processes following the charge exchanges have even larger rate constants (a few times lo-l4 m3/s for T e z 5000 K) . The radicals and atoms, formed in the above processes (6) can appear in excited states, and probably explain the very existence of the observed Si I and Si II emission spectra at such low electron temperatures and electron densities.
A comparison of the energy level positions in the Si -I-and the hydrogen system24 explains why Si + ions are formed through charge exchange channels and H + protons are not. The position of the argon ion ground state ( 15.76 eV) in the Si + system makes a near-resonance process possible between Si atoms and Ar + ions, leaving the formed Si + ion in one of the excited states nearby the Ar ionization potential. We observed the emission originating from the (3~)~( 4p) excited state of Si + , giving us confidence in this view: emission from other nearby levels, notably (3~)~(4s), lies in the vacuum ultraviolet region,'4130 not observable in our case.
Charge exchange between H and Ar + is more difficult as the proton has no electronic energy levels and the energy match is poor. This makes resonant processes impossible, resulting in lower rate coefficients for the following reaction: Ar+ +H+Ar+H+. (7) If we assume the argon cascaded arc plasma to have an initial ionization degree of about 10% (Ref. 4) (i.e., at the start of the expansion), and we inject about 0.8% SiH4, this results in 0.8% silicon ions if the above reactions (6) are dominant, at the cost of 3 to 5 Ar + ions per Si + ion. This leaves a mimimum Ar + ion fraction of about 10-5 x0.8 = 6%, if no other recombination occurs (radiative and dielectronic recombination are too slow). As we find an n (Si + )/n (Ar + ) ratio of l/2, while the H + fraction is negligible, some additional Ar + losses are to be expected. A possible recombination channel is a direct charge exchange with hydrogen molecules:25 H2+Ar+ -+ArH+ + H, ArH+ +e--tAr+H*. (8) Rate constants for the reactions (8) are about IO-I5 m3/s for the first step and very large, about 10 -l3 m3/s, for the second step. As the hydrogen, produced in the second step of (8), may appear in excited states, the reactions (8) may well account for the hydrogen emission observed. This is confirmed by measurements on a pure argon plasma, using the same machine: the strongest Balmer lines were distinctly present in these argon spectra. The hydrogen molecules necessary for the reactions (8) may origi-nate from the walls of the steel vacuum vessel, as the machine produces hydrogen by the reactions (6) during operation, and it is known that hydrogen may stick to the steel walls and enter the plasma again as a molecule, causing recombination by the above process.
Any hydrogen ions produced by (unlikely) charge exchange with argon ions [reaction (7)] will disappear, in the presence of vibrationally excited hydrogen molecules, by the following charge exchange/dissociative recombination process:25 I-I+ +Hz(Y>~~++ +H, H: + e--+2H.
This reaction can also produce excited hydrogen atoms. It is, however, unlikely that it is responsible for the hydrogen emission as we observe low H + concentrations.
V. CONCLUSIONS
The expanding plasma jet in argon with silane injected in the expansion is an example of a recombining plasma, with electron densities (for an arc current of 60 A and at a distance of 155 mm from the nozzle) in the order of l-2 X 1Ol8 m -3 and emission by Si, Si ' , H, Ar, and SiH particles.
The electron temperature is about 5000 K in the 60 A case. Estimates for the vibrational temperatures of the emitting SiH radical seem to confirm this value.
To explain the observed density ratio for silicon and argon ions ( 1:2) a reaction chain (6) leading to the production of Si + ions by charge exchange and dissociative recombination may be used. In this view, the argon ions coming out of the arc are some kind of an "ionization reservoir" for charge exchange processes with silane reaction products and silicon atoms. Some extra loss of ionization may be explained by molecular processes with hydrogen molecules coming from the vessel walls. A change in ionization degree also may result from volume effects.
Emission spectroscopy, however simple in our case, can give a first characterization of the plasma jet and, thus, may be considered a valuable plasma diagnostic.
